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Abstract 

The human (h) ZIP4 transporter is a plasma membrane protein which functions to increase the cytosolic 

concentration of zinc. hZIP4 transports zinc into intestinal cells and therefore has a central role in the 

absorption of dietary zinc. hZIP4 has eight transmembrane domains and encodes a large intracellular loop 

between transmembrane domains III and IV, M3M4. Previously, it has been postulated that this domain 

regulates hZIP4 levels in the plasma membrane in a zinc-dependent manner. The objective of this 

research was to examine the zinc binding properties of the large intracellular loop of hZIP4. Therefore, 

we have recombinantly expressed and purified M3M4 and showed that this domain binds two zinc ions. 

Using a combination of site-directed mutagenesis, metal binding affinity assays, and X-ray absorption 

spectroscopy, we demonstrated that the two Zn2+ ions bind sequentially, with the first Zn2+ binding to a 

CysHis3 site with a nanomolar binding affinity, and the second Zn2+ binding to a His4 site with a weaker 

affinity.  Circular dichroism spectroscopy revealed that the M3M4 domain is intrinsically disordered, with 

only a small structural change induced upon Zn2+ coordination. Our data supports a model in which the 

intracellular M3M4 domain senses high cytosolic Zn2+ concentrations and regulates the plasma membrane 

levels of the hZIP4 transporter in response to Zn2+ binding.  
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Introduction 

Zinc is the second most abundant transition metal in cells. Zinc has catalytic, structural and regulatory 

roles in vivo.1 This is demonstrated by the presence of more than 3000 Zn2+-containing proteins encoded 

in the human genome.1 Cellular Zn2+ deficiency impairs protein synthesis, cell growth and metabolism, 

whereas excessive Zn2+ levels cause protein misfolding and aggregation, leading to toxic effects in the 

cell.1 Consequently, intracellular Zn2+ concentrations are tightly regulated. The ZIP (SLC39) family of 

transporters function to increase cytoplasmic Zn2+ levels by importing Zn2+ from the extracellular 

environment or by exporting Zn2+ from organelles into the cytoplasm.2 The ZIP family, which stands for 

Zrt-, Irt-like Proteins, derives its name from the first members of this family to be identified: the zinc 

transporters ZRT1 and ZRT2 in Saccharomyces cerevisiae3 and the iron transporter IRT1 in Arabidopsis 

thaliana.4 Eukaryotic ZIP transporters are predicted to have eight transmembrane domains with 

extracytoplasmic N- and C-termini and a large cytosolic loop between transmembrane domains III and 

IV.5 

In humans, 14 ZIP proteins have been identified and classified into four sub-families, ZIPI, ZIPII, LIV-1 

and gufA.6 Amongst these proteins, hZIP4, a member of the LIV-1 subfamily, plays an important role in 

Zn2+ homeostasis. hZIP4 was first identified due to its involvement in the lethal, childhood Zn2+ 

deficiency disease acrodermatitis enteropathica (AE).7, 8 hZIP4 is the primary Zn2+ transporter expressed 

in the stomach, small intestine, colon and kidney.9 AE is an autosomal recessive genetic disorder whose 

symptoms include skin lesions, diarrhea, growth retardation, neurological disorders, severe infections and, 

if left untreated, death.10 The symptoms of AE can be reversed with increased dietary Zn2+ 

supplementation.11 In addition to its normal tissue distribution, the surface expression of hZIP4 is 

increased in pancreatic,12, 13 liver14 and brain cancer cells,15 where hZIP4 surface expression has been 

correlated with metastatic stage and survival time. In cancer cells, hZIP4 overexpression was shown to 

increase the expression of growth factors and matrix metalloproteinases14 and to activate the interleukin 6 
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(IL-6) and signal transducer and activator of transcription 3 (STAT3) pathways that are implicated in 

cancer cell proliferation.14 

Studies with hZIP4 and the mouse homologue have shown that surface expression of the transporter is 

regulated by the cytosolic concentration of Zn2+.5 At high cytosolic Zn2+ concentrations, ZIP4 undergoes 

Zn2+-dependent endocytosis, thereby reducing ZIP4 levels in the plasma membrane.16 At even higher Zn2+ 

concentrations, hZIP4 is ubiquitinated, presumably at a highly conserved lysine residue within a large 

intracellular loop between transmembrane domains III and IV and is further subjected to proteasomal 

degradation.17 The Zn2+-dependent ubiquitination and degradation required the presence of a histidine-

rich domain located on the large cytosolic loop, leading to the hypothesis that the intracellular domain 

acts as a Zn2+ sensor that is involved in regulating hZIP4 levels in the plasma membrane.17 

Recently, intrinsically disordered proteins (IDPs) and intrinsically disordered protein regions (IDPRs) 

have become recognized as having important biological functions in cell signaling, regulation and control, 

although they lack secondary and tertiary structural elements.18 IDPRs are estimated to be present in over 

35% of human proteins.19 In the case of membrane proteins, a survey of the Protein Data Bank identified 

disordered regions, as determined by missing electron density in crystal structures, in more than half of 

deposited membrane protein structures.20 Moreover, an analysis of human plasma membrane proteins 

found that over 40% contained disordered regions of more than 30 amino acids in length, and these 

disordered regions were three times more likely to occur on the cytoplasmic side than on the extracellular 

side of the membrane.21 Inside cells, IDPs and IDPRs participate in molecular recognition functions by 

binding to target molecules such as nucleic acid, proteins or small ligands.22 Among their molecular 

recognition functions, IDPs and IDPRs act as scavengers for ions or small molecules and provide display 

sites for post-translational modifications such as phosphorylation and ubiquitination.22 

Here, we describe the metal binding properties of the single significant intracellular loop located between 

transmembrane domains III and IV (M3M4) of hZIP4. We provide the first direct evidence that this 
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domain coordinates two Zn2+ ions. Moreover, Zn2+ coordination occurs in a sequential manner with the 

first Zn2+ binding with nanomolar affinity to a CysHis3 site and the second Zn2+ binding with a lower 

affinity to a His4 site. Finally, we show that the intracellular M3M4 loop is an intrinsically disordered 

region that serves as a protein-specific regulatory domain.  

 

Results 

The intracellular loop of hZIP4 is disordered 

The hZIP4 protein (Fig. 1A) was analyzed using the disorder predictors FoldIndex23 and PONDR-Fit 

(Prediction of Natural Disordered Regions).24 The FoldIndex algorithm predicted that the majority of the 

hZIP4 protein is folded with the exception of the intracellular M3M4 loop (Fig. 1B). Similarly, the 

PONDR-Fit output predicted that the M3M4 loop is primarily disordered (data not shown). Further, the 

intracellular M3M4 domain was calculated to have a low overall hydrophobicity and a high mean net 

charge characteristic of disordered proteins (Fig. 1C).25 In support of the predictions, the amino acid 

sequence of the intracellular M3M4 domain contains a low proportion (17%) of order-promoting amino 

acids (W, C, F, I, Y, V, L, N) and a high proportion (64%) of disorder-promoting residues (A, R, G, Q, S, 

P, E, K).26  

To investigate the structural and functional properties of the large intracellular loop of hZIP4, we 

expressed the intracellular domain (residues 424-498 of the full-length hZIP4) fused to a Strep-tag in 

Escherichia coli and purified the protein using a heat-cooling extraction method shown to improve the 

yield and purity for intrinsically disordered proteins.27, 28 Following affinity purification, yields of 1 mg 

protein L-1 culture were obtained. N-terminal protein sequencing confirmed the identity of the purified 

protein as the M3M4 domain (data not shown). The purified protein had a slower than predicted mobility 

on SDS-PAGE, migrating at an apparent molecular mass of 16 kDa (Fig. 2), which is 1.4 times higher 
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than the molecular mass calculated from the amino acid sequence (11.4 kDa). Slower mobilities in SDS-

PAGE have been observed for IDPs, which bind less SDS than globular proteins due to their unique 

amino acid compositions.26 

The disordered nature of the M3M4 domain was supported by far-UV circular dichroism (CD) 

spectroscopy. The CD spectrum (Fig. 3A) of the M3M4 domain showed a negative minimum at 203 nm, 

indicative of a random coil structure, and a weak negative shoulder at 220 nm, which may indicate a small 

degree of α-helical structure. The ellipticity values at 203 nm and 220 nm suggest that the M3M4 loop is 

coil-like, rather than pre-molten globule.29 Upon increasing the temperature from 5°C to 85°C, the CD 

spectra showed a reversible, linear increase in ellipticity at 203 nm along with a reversible, linear decrease 

in ellipticity at 220 nm and an isodichroic point at 208 nm (Fig. 3B and C). The isodichroic point 

indicates that the M3M4 protein undergoes a temperature-induced conformational change. The difference 

CD spectrum between 5°C and 85°C showed a peak at 220 nm (Fig. 3B inset) characteristic of a poly-L-

proline type II (PPII) structure, and the temperature-induced changes in the CD spectra may reflect 

melting of the PPII helix.29, 30 Overall, the CD data support the structural predictions that the intracellular 

M3M4 loop of hZIP4 is an intrinsically disordered domain.  

The intracellular M3M4 domain binds Zn2+ with nanomolar affinity 

The number of Zn2+ ions that bind to the M3M4 domain was quantified by atomic absorption 

spectroscopy (AAS). For the AAS analysis, purified M3M4 protein was incubated with a four-fold molar 

excess of Zn2+ and loosely bound Zn2+ was removed by washing with buffer. As measured by AAS, the 

M3M4 domain binds Zn2+ with a stoichiometry of 2.2 ± 0.2 Zn2+ ions per protein molecule, demonstrating 

the presence of two binding sites for Zn2+ within the intracellular loop.  

To investigate the binding affinity of the M3M4 domain for Zn2+, FluoZin-3 was used as a Zn2+ chelator 

in competition assays with the protein.31  FluoZin-3 shows an increase in fluorescence upon binding Zn2+ 

with a 1:1 stoichiometry. The dissociation constant of FluoZin-3 (Kdfluozin) for Zn2+ was determined to be 
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21 ± 5 nM under our experimental conditions. The dissociation constant of FluoZin-3 for Zn2+ was 

determined individually for each experimental data set, and this value was used to fit the binding data 

within the same set of competition experiments. The M3M4 dissociation constant for Zn2+ was measured 

using a competition experiment with FluoZin-3 as described previously.31 In the competition experiments, 

equimolar amounts of FluoZin-3 and Zn2+ were titrated with purified M3M4 protein. The resulting 

competition data for the wild-type M3M4 domain (Fig. 4A) were fit using one- and two-site binding 

models. Error analysis of the two models indicated that the one-site model provided the best fit for the 

data despite the measured 2:1 Zn2+:protein stoichiometry observed for the M3M4 protein domain. This 

suggests either that the two Zn2+ ions bind to the M3M4 domain with similar affinities, which cannot be 

distinguished using the competition assay, or that the second Zn2+ ion binds to the protein with a much 

weaker binding affinity, which cannot be measured using the current assay method. Unfortunately, our 

attempts to measure a weaker Zn2+ binding affinity using a fluorescent indicator (Newport Green) with a 

micromolar dissociation constant for Zn2+ were unsuccessful due to the tendency of the protein to 

aggregate at high Zn2+ concentrations as determined by dynamic light scattering experiments (data not 

shown). Thus, the intracellular M3M4 domain of the hZIP4 transporter binds at least one Zn2+ ion 

according to a one-site binding model with a macroscopic dissociation constant of 6 ± 1 nM (Fig. 4A).  

Histidine and cysteine residues are involved in Zn2+ binding in the M3M4 domain 

Cysteine, histidine, and the acidic residues aspartate and glutamate most commonly coordinate Zn2+.1 The 

M3M4 domain contains one cysteine, six histidine and 13 acidic residues (Fig. 1A). In order to determine 

the contributions of these residues in Zn2+ binding, the M3M4 protein was treated with N-ethylmaleimide 

(NEM), diethyl pyrocarbonate (DEPC), and N,N′-dicyclohexyl carbodiimide (DCCD), which selectively 

labels cysteine, histidine, and aspartate and glutamate residues, respectively. Following labeling, the Zn2+ 

binding stoichiometry and dissociation constants were measured. The results (Table 1) indicate that 

labeling the acidic residues with DCCD did not affect either the Zn2+:protein binding stoichiometry or the 

dissociation constant compared to the wild-type protein. However, labeling the protein with DEPC 
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resulted in a complete loss of Zn2+ binding to the M3M4 protein as measured by AAS (Table 1). 

Consistent with this result, the dissociation constant for the DEPC-labeled protein could not be measured 

using the FluoZin-3 competition assay (Fig. 4B). A slight decrease in fluorescence signal was observed in 

the competition assay at high concentrations of the DEPC-treated M3M4 protein, which we postulate is 

the result of nonspecific interactions between the free Zn2+ and the protein. Finally, labeling the single 

cysteine residue in the M3M4 domain by treatment with NEM lowered the protein’s binding affinity for 

Zn2+ such that the dissociation constant could not be measured using the competition assay (Fig. 4C), 

although the NEM-treated protein was still able to bind 1.7 ± 0.3 Zn2+ per protein molecule when treated 

with an excess of Zn2+ (Table 1). Based on the labeling data, we conclude that the histidine and cysteine 

residues, but not aspartate or glutamate residues, coordinate Zn2+ in the intracellular M3M4 loop of 

hZIP4.        

To further investigate the role of the histidine and cysteine residues in Zn2+ coordination by M3M4, we 

individually mutated the six histidine and one cysteine residues to alanine. All single mutants retained the 

ability to bind two Zn2+ ions per molecule protein (Table 1). Interestingly, the H466A mutant protein was 

able to bind significantly higher amounts of Zn2+. Competition assays with FluoZin-3 were performed. As 

with the wild-type protein, the binding data for the single histidine mutations were best fit to a one-site 

binding model, and the dissociation constants were calculated (Table 1). The single mutants H443A, 

H446A, H448A and H466A showed Zn2+ binding affinities that were comparable to the wild-type protein, 

whereas the single mutants H438A and H441A displayed binding affinities that were statistically different 

(p values < 0.05) from the wild-type protein (Table 1, Fig. 4D and E). Although the H438A and H441A 

mutant proteins exhibited weaker binding affinities compared to the wild-type, the change in dissociation 

constants was not as dramatic as observed for the DEPC-labeled protein. The inability of any single 

histidine mutation to produce a marked change in Zn2+ binding affinity is likely due to stabilization of the 

Zn2+ ion by the remaining histidines and neighboring residues. Ligand substitution by neighboring 

residues has also been observed in a Zn2+ finger protein.32 In contrast to the histidine mutants, mutation of 

Page 8 of 35Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



9 
 

the single cysteine residue to alanine (C436A) resulted in a protein with a substantially weaker Zn2+ 

binding affinity that could not be measured using the FluoZin-3 competition assay (Fig. 4F). Taken 

together, the single histidine and cysteine mutations in M3M4 indicated that C436, H438, and H441 are 

important residues contributing to Zn2+ binding. 

Based on the results of the single mutants, we designed two triple mutants, C436A/H438A/H441A and 

H443A/H446A/H448A, and analyzed these mutants for Zn2+ binding.  As expected, both triple mutant 

proteins bound only one Zn2+ ion per molecule protein (Table 1). Also, the triple mutants showed 

significantly weaker Zn2+ binding affinities when compared to the wild-type domain (Table 1, Fig. 4G 

and H). In the case of the H443A/H446A/H448A triple mutant, the measured dissociation constant was 

two-fold higher than that of the wild-type protein, whereas the C436A/H438A/H441A triple mutant 

yielded a substantially weaker dissociation constant that could not be measured using the FluoZin-3 

competition assay. These data suggest that C436/H438/H441 and H443/H446/H448 likely form the two 

coordination sites for Zn2+ binding to the intracellular M3M4 domain, with the C436/H438/H441 having a 

tighter binding affinity for Zn2+. The binding affinity data suggest that Zn2+ binds first to the higher 

affinity C436/H438/H441 site, followed by binding of the second Zn2+ to the H443/H446/H448 site. 

EXAFS reveals the coordination geometry of Zn2+ bound to M3M4  

In order to further elucidate the Zn2+-binding properties of the M3M4 domain, the Zn2+-bound protein was 

analyzed by X-ray absorption spectroscopy (XAS). The X-ray absorption near edge structure (XANES) 

portion of an XAS spectrum provides qualitative details regarding metal site structure with ligand 

speciation and can be used to compare differences in metal binding sites on related protein samples. 

XANES spectra of M3M4 prepared with various stoichiometric amounts of Zn2+ revealed that the M3M4 

protein with 0.5 and 1 molar equivalent of Zn2+ yielded similar XANES spectra, whereas the two Zn2+-

bound protein produced a distinctly different XANES edge (Fig. 5A). These data are consistent with a 

model in which the two Zn2+ ions bind sequentially to the M3M4 domain.  
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Further, simulations of the extended X-ray absorption fine structure (EXAFS) region of the XAS 

spectrum provide metrical details regarding the metal-ligand coordination environments for a metal in a 

metalloprotein at extremely high resolution (± 0.02 Å).33 EXAFS spectra for the Zn2+-bound M3M4 

proteins, along with the Fourier transforms of the EXAFS data, are given in Fig. 6.  In each spectrum, the 

EXAFS at ca. k = 4 Å-1 shows a bead pattern characteristic of imidazole scattering from a histidine 

residue coordinated to the protein-bound metal.34 All spectra could be fit with nearest neighbor scattering 

constructed predominately with O/N ligands, and, in the case of M3M4 with 0.5 and 1 molar equivalent 

Zn2+, with an additional sulfur scattering ligand (Table 2). No sulfur ligation was observed in the M3M4 

protein with two Zn2+ bound, presumably since the sulfur scattering is a low component of the overall 

ligand scattering signal. Within error of the technique (± 0.5), all Zn2+ coordination numbers from the 

simulations are consistent with Zn2+ being tetra-coordinated. Based on the EXAFS analysis, we conclude 

that the first Zn2+ ion binds to a CysHis3 site and the second Zn2+ ion binds to a site comprised solely of 

histidines. Long range scattering (R > 2.8 Å) is observed in the Fourier transforms of the samples, as 

expected given the suggested presence of imidazole coordination.  Long-range scattering interactions 

could be easily simulated  for Zn2+-C/N interactions above R = 2.8 Å using single scattering models, 

however coordination numbers for the fits were variable and consistent with an overlap between single 

and multiple scattering contributions at each of the long range bond lengths.  A summary of the complete 

simulation parameters that led to the simulated spectra in Fig. 6 are provided in the supporting material.  

Attempts to fit this data with a multiple scattering theoretical model compound for a Zn2+-imidazole 

interaction were unsuccessful. 

XAS was also used to evaluate Zn2+ coordination in the triple mutants (C436A/H438A/H441A and 

H443A/H446A/H448A). XANES spectra of the H443A/H446A/H448A mutant resembled the one Zn2+-

bound wild-type protein (Fig. 5B), and EXAFS data (Fig. 6G, Table 2) showed the same CysHis3 

coordination geometry as the wild-type protein with a single Zn2+ ion bound. The C436A/H438A/H441A 

mutant protein showed an XANES spectrum intermediate between the one and two Zn2+ bound wild-type 

Page 10 of 35Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



11 
 

(Fig. 5B), and the EXAFS analysis revealed a ligand environment consisting of four histidine residues 

(Fig. 6I, Table 2). Interestingly, addition of a second Zn2+ to the wild-type M3M4 protein distorts the 

average metal binding site away from a simple linear combination of the single loaded independent sites. 

Taken together, the XAS results are consistent with the model derived from mutagenesis analysis, in 

which the two Zn2+ ions bind sequentially to two distinct sites within the M3M4 domain, with the 

CysHis3 site comprising the first site and a histidine only site comprising the second site.  

Structural changes to the M3M4 domain upon Zn2+ binding 

Structural changes to the intracellular domain upon Zn2+ binding were monitored by CD spectroscopy. 

Upon sequential addition of Zn2+ to M3M4, only minor changes in the CD spectra were observed (Fig. 7). 

Interestingly, an isodichroic point at 213 nm is present when the one Zn2+-bound and two Zn2+-bound CD 

spectra are compared (Fig. 7), indicating that the M3M4 protein undergoes a small structural change upon 

binding the second Zn2+.  However, the presence of the large negative peak at 203 nm in all the spectra 

indicates that the M3M4 protein domain remains largely disordered even in the Zn2+-bound state.  

 

Discussion 

As the primary Zn2+ importer in the gastrointestinal tract, hZIP4 plays a key role in dietary Zn2+ 

absorption. Moreover, the presence of hZIP4 in tissues other than gastrointestinal tract organs such as the 

eye, lung, heart, skin, prostate, ovary, skin and mammary glands indicates that the role of hZIP4 is not 

limited to dietary Zn2+ absorption but extends to maintaining cellular Zn2+ homeostasis.35 However, the 

mechanism for metal transport remains unclear due to the absence of structural data not only for hZIP4 

but for any ZIP family member. Previously, in situ hZIP4 functional studies indicated that hZIP4 

mediated metal transport is not limited to Zn2+ but extends to other metal ions such as Cu2+ and Ni2+.36 

Additionally, the large histidine-rich cytoplasmic M3M4 loop has been hypothesized to undergo 
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conformational changes upon Zn2+ binding that lead to post-translational modifications modulating hZIP4 

levels in the plasma membrane.17 hZIP4 transporter was shown to undergo Zn2+-stimulated ubiquitination 

and this required the presence of the histidine-rich domain in the cytoplasmic M3M4 loop.17 

Overexpression of hZIP4 has been associated with pancreatic,12, 13 liver,14 and brain15 cancers where it has 

been observed that hZIP4 expression is vital for balancing the expression of pro-metastatic and pro-

apoptotic genes.37 Thus, obtaining structural and functional data for the cytoplasmic M3M4 domain is 

important to understand not only how hZIP4 functions to maintain Zn2+ homeostasis in normal tissues but 

also how the plasma membrane expression of this transporter is regulated in cancer cells. 

Our data provide the first direct evidence that the histidine-rich domain within the cytoplasmic M3M4 

loop of hZIP4 binds two Zn2+ ions (Table 1). Moreover, we have shown by using XAS (Figs. 5 and 6) that 

Zn2+ binding occurs sequentially with the first Zn2+ binding to a site involving the single cysteine residue 

and histidine residues (CysHis3) followed by a second Zn2+ binding event to a site consisting solely of 

histidine residues (His4). Based on the results of our mutagenesis analysis (Table 1), our data is consistent 

with the observation that single alanine replacement of histidine residues within the M3M4 domain does 

not eliminate zinc-dependent degradation of hZIP4.17 Equally, from the analysis of this data, we conclude 

that the CysHis3 site is comprised of C436, H438 and H441, and the second site (His4) is likely composed 

of H443, H446 and H448 and a fourth ligand, which may be H466. Although mutation of H466 to alanine 

did not affect the binding affinity for Zn2+, the H466A mutant protein consistently bound higher amounts 

of Zn2+ than the wild-type or any of the other single mutants. We, therefore, speculate that mutation of 

H466, increases the structural flexibility of the region C-terminal to the histidine-rich domain, which may 

allow more adventitious Zn2+ binding to the M3M4 domain (Fig. 1A). The fourth histidine ligand for the 

CysHis3 site is likely a bridging ligand shared by the two sites. As Zn2+ ions are typically found in tetra-

coordinated environments,38 binding of two Zn2+ ions would require a minimum of seven protein ligands 

with one ligand serving as a bridge. Bridging ligands have been observed in other Zn2+ binding proteins; 

for example, cysteine is a bridging ligand in metallothionein39 and histidine serves as a bridging ligand in 
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Cu, Zn superoxide dismutase.40 Based on our data, we speculate that one of the histidines in the loop acts 

as a bridging ligand, but we cannot predict which of the histidines functions as the bridging ligand. 

Additionally, the observation that a combination of residue mutations interferes with zinc coordination 

suggests a high degree of cooperativity between both sites to accomplish metal binding. 

Using the FluoZin-3 competition assay, we measured a single apparent dissociation constant of 6 ± 1 nM 

for Zn2+ binding to the isolated M3M4 intracellular domain (Table 1, Fig. 4A). The measured one-site 

binding reflects Zn2+ binding to the CysHis3 site as the H443A/H446A/H448A triple mutant displayed a 

binding affinity in the low nanomolar range, whereas a significantly weaker binding affinity binding that 

could not be measured using the Fluozin-3 indicator was observed for the C436A/H438A/H441A triple 

mutant. Thus, the first Zn2+ binds to the CysHis3 site with a low nanomolar binding affinity followed by 

binding of the second Zn2+ to the His4 site with a weaker, likely micromolar or higher, binding affinity. It 

should be noted that the dissociation constant measured for the purified M3M4 protein may not 

necessarily reflect the in vivo binding affinity of Zn2+ for this domain as interactions of the cytoplasmic 

loop with other regions of the hZIP4 transporter or with the lipid environment may modulate its affinity 

for Zn2+. Nevertheless, the low nanomolar Zn2+ binding affinity of the CysHis3 site within the M3M4 

domain is comparable to other Zn2+-binding proteins whose measured Zn2+ dissociation constants range 

from nanomolar to low picomolar or less.41 The cytoplasmic concentration of free Zn2+ in eukaryotic cells 

is estimated to be in the picomolar to low nanomolar range,41 which suggests that the CysHis3
 site may be 

occupied with Zn2+ under normal physiological conditions. The second, His4, site would be unoccupied at 

normal cytosolic free Zn2+ concentrations. The His4 site would become occupied with Zn2+ as the local 

Zn2+ concentration near the M3M4 domain is expected to be higher as hZIP4 functions to transport Zn2+ 

across the membrane. Thus, we propose that the His4 site likely acts as a sensor to detect high cytosolic 

Zn2+ concentrations and control the level of hZIP4 in the plasma membrane accordingly. Only when both 

sites are occupied will hZIP4 be subjected to zinc-stimulated ubiquitination and degradation.17 A caveat to 

this analysis is that it is possible that the M3M4 domain may become more structured within the holo-
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hZIP4 transporter. However, considering that M3M4 is predicted to be disordered using multiple 

prediction tools as well as the observation that zinc coordination to this domain is congruent with the 

cellular zinc concentration, we consider this possibility unlikely. 

To investigate the structural basis for Zn2+ sensing by the M3M4 loop, a combination of protein structure 

prediction algorithms and CD spectroscopy were used. The cytoplasmic M3M4 loop of hZIP4 was 

predicted (Fig. 1B) and shown to be intrinsically disordered (Fig. 3). As IDPs and IDPRs tend to undergo 

disorder-to-order transitions upon binding partner molecules, we sought to determine if the M3M4 

cytosolic loop becomes ordered upon Zn2+ binding using CD spectroscopy to assess secondary structure. 

The M3M4 protein domain remains largely disordered in the Zn2+-bound state (Fig. 7). Recently, the 

occurrence of disorder in the bound state has been found to be a common feature of IDPs.22, 42 More than 

40 IDPs have been shown to form “fuzzy” complexes upon interaction with their partners.42 “Fuzziness” 

is believed to be functionally advantageous, allowing IDPs or IDPRs the flexibility to interact with 

multiple partners or to undergo a variety of post-translational modifications, such as phosphorylation and 

ubiquitination.22,42 A number of short linear motifs, which are located within disordered protein domains 

and modulate protein function,43 were predicted in the cytoplasmic M3M4 loop of hZIP4 using the 

eukaryotic linear motif (ELM) server (Table 3). Among these short linear motifs in M3M4 are targeting 

sites for membrane protein assembly, endocytosis and a number of phosphorylation sites. 

Phosphorylation of S490 in hZIP4 was identified in an analysis of the phosphoproteome of human 

embryonic stem cells.44 In addition to phosphorylation, hZIP4 was predicted using the UbPred server to 

undergo ubiquitination at K463 within the intracellular M3M4 loop.45 hZIP4 was shown to be 

ubiquitinated at high cytosolic Zn2+ concentrations and to undergo subsequent proteasomal degradation of 

the transporter.17 Taken together with our data on Zn2+ binding to the purified cytosolic domain, we 

propose a model whereby, at high cytosolic Zn2+ concentrations, both zinc sites are filled. This induces 

structural changes in the M3M4 intracellular loop, which may alter the post-translational modification 

status of hZIP4. Degradation in the proteasome is enhanced by the presence of a disordered protein region 
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downstream of the ubiquitination site.17, 46  Interestingly and correlated to this model is the observation 

that H438 and H441 are not conserved within the otherwise homologous mouse ZIP4. Therefore, it will 

be important to examine the metal binding properties of homologous loops and how these properties 

integrate with the results presented within this manuscript. 

The cytosolic loop of hZIP4 likely fulfills a number of roles, including proper processing and recycling of 

the transporter and possibly modulating Zn2+ transport through changes in post-translational 

modifications, all of which rely on its disordered state. As disordered regions tend not to be under strong 

evolutionary conservation,47 it is not surprising that the large cytosolic loop between transmembrane 

domains III and IV, which is characteristic of the LIV-I subfamily of ZIP transporters, is nonconserved. 

Among the human LIV-I subfamily members, the amino acid sequence and the number and arrangement 

of potential Zn2+ binding ligands varies. Thus, the cytosolic M3M4 domain likely functions as a protein-

specific regulatory domain.  

 

Experimental 

Materials 

D-Desthiobiotin and Strep-Tactin Superflow resin were purchased from IBA Life Sciences. Zinc chloride, 

isopropyl-β-D-thiogalactopyranoside (IPTG), ethylenediaminetetraacetic acid (EDTA), ethylene glycol 

tetraacetic acid (EGTA) and N-ethylmaleimide (NEM) were purchased from Sigma-Aldrich. Glycerol, 

tris(2-chloroethyl) phosphate (TCEP), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 

diethyl pyrocarbonate (DEPC), and N,N′-dicyclohexyl carbodiimide (DCCD) were purchased from 

Amresco. 4-morpholinepropanesulfonic acid (MOPS) was purchased from BDH Chemicals.  

Bioinformatics 

Page 15 of 35 Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



16 
 

Disorder predictions were performed using FoldIndex (http://bip.weizmann.ac.il/fldbin/findex)23 and 

PONDR-FIT (http://www.disprot.org/metapredictor.php).24 The mean charge versus hydropathy of the 

M3M4 domain was also analyzed (http://pondr.com/cgi-bin/PONDR/pondr.cgi).25 The M3M4 sequence 

was analyzed for predicted short linear motifs using the Eukaryotic Linear Motif server 

(http://elm.eu.org/)43 and for ubiquitination sites using the UbPred server (http://www.ubpred.org/).45 

Molecular cloning 

The gene sequence corresponding to the predicted intracellular domain (M3M4) between residues 424 

and 498 of the hZIP4 protein was amplified by PCR from the hZIP4 gene. The resulting PCR product was 

cloned into the overexpression vector pPR-IBA1 (IBA Life Sciences) to generate pPRIBA-M3M4 by 

using the unique restrictions sites KpnI and NcoI. The pPR-IBA1 vector introduced a C-terminal Strep 

tag for affinity purification. Site-directed mutagenesis to generate single cysteine or histidine mutant 

proteins was performed according to the manufacturer’s instructions (Agilent Technologies). Gene 

synthesis (GenScript) was used to generate triple mutants. All plasmid constructs were verified by DNA 

sequencing. 

Protein expression, purification and labeling 

The pPRIBA-M3M4 plasmid was transformed into E. coli BL21(DE3) pLysS cells carrying the 

pSJS1240 plasmid coding for rare tRNAs.48 The transformed E. coli cells were grown at 37°C in TB 

medium containing 100 µg/mL ampicillin, 34 µg/mL chloramphenicol and 50 µg/mL spectinomycin. 

Protein expression was induced by adding 100 µM IPTG to a culture of OD600 0.6-0.8, and expression 

was carried out at 18°C for 20 hours. The cells were harvested and washed with wash buffer (20 mM 

HEPES, 150 mM NaCl, pH 8). The protein was purified using a boiling lysis method previously reported 

for the purification of IDPs.27, 28 The cell pellet from a 1 L culture was resuspended in 20 mL wash buffer 

containing 2 mM EDTA and 1 mM dithiothreitol. The cells were lysed by boiling for 20 minutes, 

followed by incubation in an ice-salt bath for 5 min. All remaining purification steps were performed at 

Page 16 of 35Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



17 
 

4°C. The lysed cells were sonicated for 30 s to shear the DNA and the cell lysate was clarified by 

ultracentrifugation for 30 minutes at 100,000 x g. The resulting soluble fraction was loaded onto a Strep-

Tactin Superflow (IBA Life Sciences) gravity column. The column was washed first with wash buffer 

containing 0.2 mM EDTA and 0.1 mM TCEP, followed by buffer exchange with chelex-100 treated 

elution buffer (20 mM HEPES, 150 mM NaCl, 20% (v/v) glycerol, 0.1 mM TCEP, pH 7). The protein 

was eluted in chelex-100 treated elution buffer containing 2.5 mM D-desthiobiotin. Protein was 

quantified using the Reducing Agent Compatible Pierce™ Microplate BCA Protein Assay Kit (Thermo 

Scientific). For labeling, the purified protein was incubated with 0.5 mM DCCD, 10 mM DEPC, or 1 mM 

NEM for 30 minutes at 4°C followed by extensive dialysis against chelex-100 treated elution buffer.  

Circular dichroism spectroscopy 

All CD spectra were recorded using a Jasco J-1500 CD spectrometer in 1-mm quartz cuvettes. Protein 

samples were prepared in 20 mM MOPS (pH 7), 20% (v/v) glycerol and 1 mM TCEP. Sample and 

baseline spectra were acquired at 5°C using 20 consecutive scans collected in 0.5 nm increments with a 1-

nm bandwith, a scanning speed of 50 nm/min, and a 4 s data integration time. The temperature 

dependence of the CD signal was measured between 5 and 90°C at 5°C intervals. Samples were heated at 

a rate of 2°C/min before three scans were recorded at each temperature. The spectra were averaged, 

baseline-corrected and smoothed using a Savitzky-Golay filter in the Spectra Manager software (Jasco).  

Binding affinity (Kd) determination of M3M4 

The Zn2+ stock solution was prepared in chelex-100 treated elution buffer and the concentration of Zn2+ 

was quantified using a terpyridine-Zn2+ titration.49 The dissociation constant (Kd) for Zn2+ to FluoZin-3 

was calculated as per the manufacturer’s instructions (Invitrogen). Briefly, 1.1 mM EGTA and 1.1 mM 

Zn2+ solutions were mixed to yield free Zn2+ concentrations from 0 to 100 nM, and these Zn2+ solutions 

were incubated with 1 µM FluoZin-3 in black 96-well plates (Thermo Scientific). Fluorescence was 

recorded on a Perkin Elmer VICTOR 1420 multilabel counter using a 485/14 excitation filter and a 
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535/25 emission filter. For competition assays with the purified M3M4 proteins, 1 µM FluoZin-3 and 1 

µM Zn2+ were incubated with varying concentrations of M3M4 protein, and the fluorescence was 

measured. The Zn2+ dissociation constant for M3M4 was determined by fitting the curve to equation 1 

using GraphPad. 

𝐼𝐼50 = 𝐾𝐾(𝑀3𝑀4)[1 + [𝐹𝐹𝐹𝐹𝐹𝐹𝐹−3]
𝐾𝐾 (𝐹𝐹𝐹𝐹𝐹𝐹𝐹−3)]    [Equation 1] 

where IC50 is the concentration of M3M4 required to reduce the maximum fluorescence by 50%, 

[FluoZin-3] is the concentration of FluoZin-3, and  Kd (FluoZin-3) is the experimentally determined Zn2+ 

dissociation constant for FluoZin-3. To fit the binding curves using GraphPad, the fluorescence was 

normalized, and the curves were fit by constraining the minimum and maximum normalized fluorescence 

values. The minimum fluorescence was obtained in the absence of zinc and maximum fluorescence was 

obtained in the absence of protein.  

Atomic absorption spectroscopy 

The purified M3M4 protein in elution buffer with an additional 1 mM TCEP was incubated with 4 molar 

equivalents of Zn2+ overnight at 4°C. Excess Zn2+ was removed by washing with chelex-100 treated 20 

mM Hepes, 20% (v/v) glycerol, 1 mM TCEP, pH 7 using 3 kDa molecular weight cut-off centricons 

(Millipore). The protein samples were diluted in 10% (v/v) nitric acid (trace metal-free) for AAS analysis. 

Zn2+ was quantified by graphite furnace atomic absorption spectroscopy (Perkin Elmer PiNNacle 900Z). 

Metal contents reported are the averages of at least three independent experiments. The metal content of 

proteins before Zn2+ addition was less than 0.1 moles Zn2+ per mole protein. 

X-ray absorption spectroscopy 

M3M4 samples were prepared at final concentrations of 1 mM Zn2+ in 20 mM HEPES and 30% glycerol 

at pH 7.0.  Samples were loaded into Lucite XAS sample cells wrapped with Kapton tape.  After loading, 

samples were flash frozen and stored in liquid N2 until data collection.  XAS data were collected at the 
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National Synchrotron Light Source (NSLS), on beamline X3-b.  Beamline X3-b utilized a Si[111] single 

crystal monochromator equipped with a Ni plated harmonic rejection/focusing mirror.  During data 

collection, samples were maintained at 24°K using a He Displex Cryostat.  Protein fluorescence 

excitation spectra were collected using a 31-element Ge solid-state detector, with a 0.6 μM Cu 

fluorescence filter placed between the cryostat and detector.  XAS spectra were measured in 5 eV 

increments in the pre-edge region (9600-9660 eV), 0.25 eV increments in the edge region (9,660-9740 

eV) and 0.05 Å-1 increments in the extended X-ray absorption fine structure (EXAFS) region (to k = 14 

Å-1), integrating from 1s to 25s in a k3 weighted manner for a total scan length of approximately 50 

minutes.  X-ray energies were individually calibrated by collecting Zn-foil absorption spectra 

simultaneously with the protein data.  The first inflection point of the Zn-foil spectrum was assigned to 

9,668 eV.  Each fluorescence channel of each scan was examined for spectral anomalies, and data 

represent the average of 11 to 14 scans for each sample.  

XAS data were processed using the Macintosh OS X version of the EXAFSPAK program suite50 

integrated with the Feff v8 software package for theoretical model generation.51 Data reduction utilized a 

Gaussian function in the pre-edge region and a three-region cubic spline throughout the EXAFS region.  

Data were converted to k-space using a Zn E0 value of 9,668 eV. The k cubed weighted EXAFS was 

truncated at 1.0 and 13.5 Å-1 for filtering purposes.  This k range corresponds to a spectral resolution of 

ca. 0.115 Å for all zinc-ligand interactions; therefore only independent scattering environments outside 

0.115 Å were considered resolvable in the EXAFS fitting analysis.52 EXAFS fitting analysis was 

performed on raw/unfiltered data. EXAFS data were fit using both single and multiple scattering 

amplitude and phase functions calculated with the program Feff v8.  Single scattering theoretical models 

were calculated for carbon, nitrogen, oxygen, and sulfur coordination to simulate zinc nearest-neighbor 

ligand environments.  Scale factors (Sc) and E0 values used during the simulations were calibrated by 

fitting crystallographically characterized Zn models; specific values include a Scale Factor of 0.9, and E0 

values for O, N, C and S of -15.54 eV were used in these simulations.9 Criteria for judging the best-fit 
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simulation utilized both the lowest mean square deviation between data and fit (F'), corrected for the 

number of degrees of freedom and a reasonable Debye-Waller factor.33, 53 

Conclusions 

Analysis of our experiments clearly indicates that the large intracellular loop of hZIP4 binds two Zn2+ 

ions sequentially, with the first Zn2+ ion binding with nanomolar affinity to a CysHis3 site and the second 

Zn2+ ion binding with weaker affinity to a His4 site. Further, we have shown that the M3M4 loop is 

disordered and contains a number of post-translational modification sites. Our findings underscore the 

importance of the large intracellular loop as a regulatory domain that responds to cytosolic zinc levels.   
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Table 1. Zn2+ binding stoichiometry and dissociation constants for M3M4 proteins 

Protein Zinc:protein 
stoichiometry 

KD (nM) 

Labeling reagent   
   Unlabeled 2.2 ± 0.2 5 ± 1 (n=3) 
   DCCD 2.3 ± 0.2 6 ± 1 (n=3) 
   DEPC 0.3 ± 0.1 No binding (n=3) 
   N-ethyl maleimide 1.7 ± 0.3 N.D. (n=3) 
   
Mutation   
   Wild-type 2.2 ± 0.2 6 ± 1 (n=5) 
   C436A 2.2 ± 0.2 N.D. (n=3) 
   H438A 2.1 ± 0.1 8 ± 1 (n=3) 
   H441A 2.0 ± 0.3 9 ± 2 (n=3) 
   H443A 2.4 ± 0.2 7 ± 1 (n=3) 
   H446A 2.4 ± 0.2 6 ± 2 (n=3) 
   H448A 2.4 ± 0.4 6 ± 2 (n=3) 
   H466A 2.7 ± 0.2 5.6 ± 0.2 (n=3) 
   
   C436A/H438A/H441A 1.3 ± 0.2 N.D. (n=3) 
   H443A/H446A/H448A 1.1 0.2 12 ± 2 (n=3) 

N.D. – Weaker binding. The dissociation constant could not be determined using the competition assay. 
Bold-faced are significantly different (p < 0.05) from wild-type. 
KD values are average and S.E.M. from three measurements of three independent protein preparations. 
AAS values are average and S.E.M. of three independent protein preparations. 
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Table 2. Summary of Zn2+ EXAFS fitting analysis of wild-type and mutant M3M4 samples. Data fit 
over a k range of 1 to 13.5 Å-1, however fitting analysis was limited to only nearest neighbor ligand 
environment fits.  Complete spectral fits parameters, including long-range simulation components, are 
provided in the supporting information.  Best fit simulation parameters for each sample are shown in 
bold. 

 

  Nearest-Neighbor Ligand 
Environmenta 

 

Sample Fitb Atomc R(Å)d C.N.e σ2 f F' g 

Wild-type + 0.5 Zn2+ 1 O/N 2.01 2.5 

 

5.4 1.55 

 2 O/N 1.99 2.5 5.1 0.52 
  S 2.28 1.5 

 
5.1  

Wild-type + 1 Zn2+ 1 O/N 2.01 3.0 
 

4.6 1.90 

 2 O/N 1.99 3.0 4.0 1.41 
  S 2.28 1.0 

 
4.3  

Wild-type + 2 Zn2+ 1 O/N 1.99 3.5 
 

4.8 0.54 

C436A/H438A/H441A 1 O/N 1.98 4.0 
 

4.6 0.84 

H443A/H446A/H448A 1 O/N 2.01 3.0 
 

5.3 1.62 

 2 O/N 1.99 3.0 4.8 0.71 
  S 2.28 1.5 5.0  

 
a Independent metal-ligand scattering environments at R < 3.0 Å 
b Iterative simulation fit number 
c Scattering atoms: S (Sulfur), C (carbon), O (oxygen), N (nitrogen) 
d Average metal-ligand bond length  
e Average metal-ligand coordination number  
f Average Debye-Waller factor in Å2 x 103 
g  Number of degrees of freedom weighted mean square deviation between data and fit 
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Table 3. Predicted short linear motifs in the M3M4 sequence 
 

Position Sequence Short Linear Motif Cell Compartment 

487-489 RRL Metalloendopeptidase N-Arg dibasic convertase 
cleavage site  

Cell surface 

487-491 
494-498 

RRLSP 
RLLPY 

Cyclin docking site recognition sequence that 
increases phosphorylation levels 

Cytosol 

487-495 RRLSPELRL Docking site for MAPK serine/threonine 
kinases 

Cytosol 

476-481 
487-492 

AEESPE 
RRLSPE 

PinI docking site that controls 
dephosphorylation, degradation and targetting 

Cytosol 

459-465 LRQPKPP Binding site for SH3 domains that require PPII 
helix 

Plasma membrane, 
Cytosol 

439-445 SSHSHGG CK1 phosphorylation site Cytosol 
444-451 GGHSHGVS GSK3 phosphorylation recognition site Cytosol 
475-481 
487-493 

AEESPEL 
RRLSPEL 

Proline-directed kinase (e.g. MAPK) 
phosphorylation site 

Cytosol 

486-488 
487-489 

PRR 
RRL 

di-Arg endoplasmic reticulum retention motif 
for proper assembly of multimeric membrane 
proteins, phosphorylation-dependent 

Cytosol, Endoplasmic 
reticulum membrane 

477-482 ESPELL Sorting and internalization signal in cytoplasmic 
domains of membrane proteins that is involved 
in endocytosis  

Cytosol, Endocytic 
vesicle 
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Figure Legends 

Figure 1. The hZIP4 domain structure and predicted regions of disorder. (A) Schematic of the hZIP4 
transporter with the sequence of the large cytosolic loop M3M4 shown. Histidine residues are colored red, 
cysteine is colored green, acidic residues are colored blue, and the lysine residue is gray. (B) FoldIndex 
prediction of disordered regions within the hZIP4 protein. Amino acid residues with a negative FoldIndex 
score are considered as disordered while those with positive scores are considered to be in ordered 
regions. (C) Mean charge versus hydropathy analysis of the M3M4 domain indicates it lies in the 
disordered region. The dividing line represents the division between intrinsically disordered and folded 
proteins. 
 
Figure 2. Purification of the recombinantly expressed M3M4 domain using the heat-cooling extraction 
method. Coomassie Blue stained SDS-PAGE gel of the purification fractions with molecular weight 
markers (M) indicated. After cell lysis using the heat-cooling extraction method, the cell lysate 
supernatant (LS) was applied to a Strep-Tactin column and the flow-through (FT) was collected. The 
column was washed with buffer (20 mM Hepes pH 8, 150 mM NaCl (W1) and 20 mM Hepes pH 8, 20% 
glycerol (W2)), and the protein was eluted in buffer containing desthiobiotin (E). 
 
Figure 3. CD spectra of the purified M3M4 domain in 20 mM MOPS, pH 7, 20 % glycerol, 1 mM TCEP 
at (A) 5°C and (B) at increasing temperatures from 5°C (black) to 85°C (light gray). Representative 
curves at 5°C, 25°C, 45°C, 65°C and 85°C are shown. The inset shows the CD difference spectrum (5°C-
85°C) indicating the presence of polyproline type II helices in the M3M4 domain. (C) Temperature scans 
at 222 nm (diamonds) and 204 nm (squares) indicate a reversible, linear change in CD signal. The CD 
spectra were collected at increasing (black) and decreasing (gray) temperatures. 
 
Figure 4. Normalized competitive binding curves for the determination of Zn2+ dissociation constants to 
the wild-type, labeled and mutant M3M4 proteins. The fluorescence emitted in the presence of various 
concentrations of M3M4 was normalized to Fmax (the fluorescence of 1 µM Zn2+ and 1µM Fluozin-3) and 
dissociation constants were determined using a one-site binding model (Equation 1). (A) Fluorescence 
inhibition curve for wild-type M3M4 protein. Representative fluorescence inhibition curves comparing 
wild-type (circles) and (B) DEPC treated wild-type protein (squares), (C) NEM treated wild-type protein 
(squares), (D) H438A mutant protein (squares), (E) H441A mutant protein (squares), (F) C436A 
(squares), (G) C436A/H438A/H441A triple mutant protein (squares), and (H) H443A/H446A/H448A 
triple mutant protein (squares). Data are the average of the assay done in triplicate for one protein 
preparation. Three independent protein preparations gave equivalent results. Error bars represent ± one 
standard deviation. 
 
Figure 5. Normalized XANES spectra for wild-type and triple mutant Zn2+-loaded M3M4 samples.  (A) 
XANES spectra of wild-type M3M4 in the presence of 0.5 (gray line), 1 (black line) and 2 (dashed line) 
equivalents of Zn2+. (B) XANES spectra of C436A/H438A/H441A triple mutant (gray dashed line) and 
H443A/H446A/H448A triple mutant (gray solid line) loaded with 1 equivalent Zn2+ compared to wild-
type M3M4 loaded with 1 (black solid line) or 2 (black dashed line) equivalents of Zn2+. 
 
Figure 6. EXAFS and Fourier transform of the EXAFS data for wild-type and mutant Zn2+-loaded M3M4 
proteins.  Comparison of raw data (black) and simulations (green) for both the EXAFS (left) and Fourier 
transform (right). Wild-type M3M4 with 0.5 equivalents of Zn2+ (A, B), wild- type with 1 equivalent of 
Zn2+ (C, D), wild-type with 2 equivalents of Zn2+ (E, F), C436A/H438A/H441A triple mutant (G, H), and 
H443A/H446A/H448A triple mutant (I, J). 

Figure 7. CD spectra of the M3M4 domain in the absence (solid line) and presence of 0.5 (broken dashed 
line), 1 (dashed line) and 2 (dotted line) molar equivalents of Zn2+.  
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